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Caveat:  Impossible to do justice to ≈5 hours’ worth of
                 talks in 15 minutes!

       ⇒   This is just my (necessarily subjective)
               impression of the highlights
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! Motivation 
"  µ+-µ- Collider front end 

!  Produce, collect and cool as many muons as possible 
• Start  with !-Factory IDS design study  

"  Reoptimize for Collider 
• Shorter bunch train 

"  Higher  energy capture, shorter front-end 
• Larger gradients  

!  Bunch Recombiner 
"  Time reverse to combine 

!  Beam Loss problem 
"  Chicane, Absorber, shielding  

! Discussion 
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!  NF baseline version 
"  Captures both !+ and !- 

"  ~0.1 !/p within IDS acceptance 
•  "T < 0.03, "L < 0.15 

!  Basis for cost/design studies 
"  rf requirements 
"  Magnet requirements 
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!  Would like a large 
dependence of path length 
on energy 

!  Helical channel naturally has 
that 
"  Linear dependence is nicest 

… 
!  !=0.43 looks possible 

"  HC – B= 4.2T bd=0.75, 
bq=0.4 

"  "=1, #=1.6m, P0=290MeV/
c 

"  Dˆ=1.7, D=0.44m 
• “$t”=1.085 
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“Cooling”	
  session

Outline 

•  Muon Ionization Cooling 
–  Everything you need to know in 30 seconds 

•  The Devil is in the Details 
–  Brief Descriptions of 6-D Cooling Techniques 
–  Brief Descriptions of Final Cooling Techniques 
–  Briefer Descriptions of Other Techniques 

•  God is in the Details 
–  Putting It All Together 
–  System-Level Considerations 

•  The Details are in the Details 
–  MAP Cooling Efforts in the Next Year or So 

•  Summary 
June 29, 2011  TJR Cooling 2 
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Summary 
•  We have mature conceptual designs for three 6-D cooling 

techniques: 
 Guggenheim 
 Helical Cooling Channel 
 FOFO Snake 

•  We have a mature conceptual design for one final cooling 
technique, albeit with serious challenges: 

 High-field solenoids 
•  We have a good start on a promising new final cooling technique:  

 Epicyclic PIC 
•  We have a good start on the additional components. 
•  We need to perform complete simulations of every component, 

including matching. 

The details are daunting, and there is a lot of work  
remaining to prepare for the cooling down-selection. 

June 29, 2011  TJR Cooling 33 
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remaining to prepare for the cooling down-selection. 

June 29, 2011  TJR Cooling 33 
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!   A transformational opportunity for high-field science 
–  But it is also a quantum leap in technology. 

!   Challenges to 30+ T HTS magnets: 
–  Engineering the conductor to carry >200 A/mm2 in 20-50 T 
–  Managing stress >200 MPa 
–  Protecting magnet from quenches 

!   We recently significantly improved the Je of a round-wire 
HTS conductor to 600 A/mm2 at 4.2 K, 20 T. 

!   Quench is an old problem but needs new solution in HTS 
magnets 
–  Finding a novel quench detection method is the key.  

NMR communities need 30 T all superconducting magnets. 
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~35 T HTS/Nb3Sn s.c. solenoid for Muon Collider (PBL/BNL SBIRs)

34 HTS coils already built and tested using over 3 km of conductor

~40T (~20+T HTS) insert coil PBL/BNL SBIR (~20+T comes from HTS)  

23 T already demonstrated in the background field of NHMFL

~25 T large aperture HTS solenoid for SMES (ARPA-E funded)

R&D would directly benefit high field solenoids for SMES

A very brief summary of selected HTS R&D on related topics (e.g. quench 

protection, stress limit, radiation damage) and other HTS programs at BNL
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• 29 coils for 100 mm aperture solenoid have been wound with stainless steel insulation

• Each coil is made with 100 meters (total: ~2.9 km) of second generation (2G) HTS

• All coils have been individually tested at 77 K ; 24 good coils selected 

• We should have the test result of the completed ~10 T solenoid in about four months

YBCO
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• We hope to demonstrate a ~100 mm, 10 T HTS
   solenoid in a few months.
• We hope to demonstrate 10-12 T, ~25 mm 
   insert HTS solenoid in ~6 month.
• We hope to demonstrate ~20-22 T HTS 
   solenoid by combining two in ~10 month.
• We hope to test above in ~20 T resistive 
   solenoid at NHMFL to test HTS magnet 
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• Novel HTS quench protection R&D under way
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many sources: SBIRs, FRIB, ARPA-E 
(SMES), base program,...

‣MAP invited to collaborate more closely
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20'17+(%*;*('/%8-20%).%0'()97%+./%.)21-:'.%>)20%.-%
/':1+/+2)-.5%

G5 D..'1%+./%-92'1%6?()*'6%+1'%81)/:'%I-).26%20+2%1'J9)1'/%

%

EEF%+./%G5=F%D*%2'62%-C%20'%C).+(%+66'78('/%
60-12%7-/'(%+1'%*911'.2(;%8').:%?'1C-17'/%

%

➡ 
“30-­‐40T	
  fully	
  superconducAng	
  
magnets	
  are	
  achievable	
  with	
  
technology	
  available	
  today.”
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1. Bogacz:  Acceleration

• Progress reoptimizing acceleration 
for µC (as opposed to νF)
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• Progress reoptimizing acceleration 
for µC (as opposed to νF)

• Now exploring dogbone RLAs with 
multipass arcs (design for 2 energies)
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1. Bogacz:  Acceleration

• Progress reoptimizing acceleration 
for µC (as opposed to νF)

• Now exploring dogbone RLAs with 
multipass arcs (design for 2 energies)

– should be less costly

– looks promising!
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  Lattice design

   -  1.5 TeV c.o.m Lattice

   -  New 3 TeV c.o.m Lattice

  Fringe Field and Multipole Errors

  Strong-Strong Beam-Beam Simulations

  Plans
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  Lattice design

   -  1.5 TeV c.o.m Lattice

   -  New 3 TeV c.o.m Lattice

  Fringe Field and Multipole Errors

  Strong-Strong Beam-Beam Simulations

  Plans

‣ Solution devised with β* = 1 cm

  o displaced FF quad doublets to sweep decay electrons and 
give robust chromaticity correction

‣ But large βy_max → high sensitivity to magnet errors, and 
approach may not work at higher energy
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  Lattice design

   -  1.5 TeV c.o.m Lattice

   -  New 3 TeV c.o.m Lattice

  Fringe Field and Multipole Errors

  Strong-Strong Beam-Beam Simulations

  Plans

‣ Solution devised with undisplaced FF quad triplets, gives 
0.5 cm β*

‣ Solves βy_max problem, but concerned about 
horizontal stability
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2. Alexahin:  Ring lattices
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  Lattice design

   -  1.5 TeV c.o.m Lattice

   -  New 3 TeV c.o.m Lattice

  Fringe Field and Multipole Errors

  Strong-Strong Beam-Beam Simulations

  Plans

‣ Seek compromise solution, explore sensitivity to 
errors, etc.

‣ Need more manpower!
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Muon Acceleration Summary

• Synchrotrons are a lot less expensive than racetracks

• 400 Hz, 1.8 T dipole prototype is in progress.
Mitred laminations from Pacific Laser Laminations are ready
Need to see how well the magnetic flux circuit works.

• Al Garren and Scott Berg are working on interleaved lattice.
What magnet errors can be tolerated? Gap is small.
Hexapole fields in beam pipe.

• Trying to optimize keeping in phase with 1.3 GHz SRF
PAC07: Adjust orbit radius & use 2 rings. 100 → 400 → 750
1.5TeV µ+µ− collider. D. Summers et al., arXiv:0707.0302

27 Jun - 1 Jul 2011

Muon Collider 2011: Telluride

Fast Ramping Muon Synchrotron Dipoles (page 14) D. J. Summers

U. of Mississippi–Oxford
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Muon Acceleration Summary

• Synchrotrons are a lot less expensive than racetracks

• 400 Hz, 1.8 T dipole prototype is in progress.
Mitred laminations from Pacific Laser Laminations are ready
Need to see how well the magnetic flux circuit works.

• Al Garren and Scott Berg are working on interleaved lattice.
What magnet errors can be tolerated? Gap is small.
Hexapole fields in beam pipe.

• Trying to optimize keeping in phase with 1.3 GHz SRF
PAC07: Adjust orbit radius & use 2 rings. 100 → 400 → 750
1.5TeV µ+µ− collider. D. Summers et al., arXiv:0707.0302

27 Jun - 1 Jul 2011

Muon Collider 2011: Telluride

Fast Ramping Muon Synchrotron Dipoles (page 14) D. J. Summers

U. of Mississippi–Oxford

Muon Acceleration to 750 GeV in the Tevatron Tunnel
• Cool muons plus high injection γ due to low muon mass

→ small magnets ramping with a few thousand volts.
• Ameliorate eddy current and hysteresis losses in magnets.
Thin grain oriented 3% silicon steel laminations. Low B2/2µ
Stainless steel cooling tubes for water and thin copper wire.
Conductor in use for new ISIS choke. Made by Trench Ltd.

• Exploit 4% duty cycle. Energy usually sits in capacitor banks.
Muon survival is reasonable in a fast ramping synchrotron.
Power can be go into cavities fast enough (need 3x ILC).

• Interleave 400Hz ramping & fixed superconducting dipoles.

• 1.5TeV µ+µ− collider. D. Summers et al., arXiv:0707.0302

27 Jun - 1 Jul 2011

Muon Collider 2011: Telluride

Fast Ramping Muon Synchrotron Dipoles (page 2) D. J. Summers

U. of Mississippi–Oxford
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Muon Acceleration Summary

• Synchrotrons are a lot less expensive than racetracks

• 400 Hz, 1.8 T dipole prototype is in progress.
Mitred laminations from Pacific Laser Laminations are ready
Need to see how well the magnetic flux circuit works.

• Al Garren and Scott Berg are working on interleaved lattice.
What magnet errors can be tolerated? Gap is small.
Hexapole fields in beam pipe.

• Trying to optimize keeping in phase with 1.3 GHz SRF
PAC07: Adjust orbit radius & use 2 rings. 100 → 400 → 750
1.5TeV µ+µ− collider. D. Summers et al., arXiv:0707.0302

27 Jun - 1 Jul 2011

Muon Collider 2011: Telluride

Fast Ramping Muon Synchrotron Dipoles (page 14) D. J. Summers

U. of Mississippi–Oxford

Grain Oriented Silicon Steel Dipole Prototype

• 1.5 x 46 x 46 mm gap, “EI” Laminations

27 Jun - 1 Jul 2011

Muon Collider 2011: Telluride

Fast Ramping Muon Synchrotron Dipoles (page 5) D. J. Summers

U. of Mississippi–Oxford

Muon Acceleration to 750 GeV in the Tevatron Tunnel
• Cool muons plus high injection γ due to low muon mass

→ small magnets ramping with a few thousand volts.
• Ameliorate eddy current and hysteresis losses in magnets.
Thin grain oriented 3% silicon steel laminations. Low B2/2µ
Stainless steel cooling tubes for water and thin copper wire.
Conductor in use for new ISIS choke. Made by Trench Ltd.

• Exploit 4% duty cycle. Energy usually sits in capacitor banks.
Muon survival is reasonable in a fast ramping synchrotron.
Power can be go into cavities fast enough (need 3x ILC).

• Interleave 400Hz ramping & fixed superconducting dipoles.

• 1.5TeV µ+µ− collider. D. Summers et al., arXiv:0707.0302

27 Jun - 1 Jul 2011

Muon Collider 2011: Telluride

Fast Ramping Muon Synchrotron Dipoles (page 2) D. J. Summers

U. of Mississippi–Oxford

– 1st prototype 
revealed saturation problems
(due to “T” joints?)
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Muon Acceleration Summary

• Synchrotrons are a lot less expensive than racetracks

• 400 Hz, 1.8 T dipole prototype is in progress.
Mitred laminations from Pacific Laser Laminations are ready
Need to see how well the magnetic flux circuit works.

• Al Garren and Scott Berg are working on interleaved lattice.
What magnet errors can be tolerated? Gap is small.
Hexapole fields in beam pipe.

• Trying to optimize keeping in phase with 1.3 GHz SRF
PAC07: Adjust orbit radius & use 2 rings. 100 → 400 → 750
1.5TeV µ+µ− collider. D. Summers et al., arXiv:0707.0302

27 Jun - 1 Jul 2011

Muon Collider 2011: Telluride

Fast Ramping Muon Synchrotron Dipoles (page 14) D. J. Summers

U. of Mississippi–Oxford

Try Mitred Joints with Grain Oriented Silicon Steel
• Good magnetic properties only in the grain direction.
Look at the construction of large 3 phase transformers.
Avoid T-joint saturation with some kind of 45o mitre.
Mitred laminations from Pacific Laser Laminations are ready

• Need software simulation with BH curves at many angles!
2D: ∇×H =∇× ∇×A

µ(B,θ)
=J , ∂2A

∂ x2
+

∂2A
∂ y2

- 1
µ

∂µ
∂ x

∂A
∂ x

- 1
µ

∂µ
∂ y

∂A
∂ y

= -µJ

J =Jz, ∇·A=0, A=Az, Bx= -∂A
∂y

, By = -∂A
∂x

, θ=atan(
By

Bx
)

Solve on a mesh, then iterate with new µ(B, θ) in FEMM

• Opera-2D: BHDATA enters 5 to 50 BH pairs into a table.
BHX, BHY: anisotropic components of non-linear µ.
Can fudge µ90o to correct µ10o in Opera2D elliptical model.
µ90o(120 →520) ⇒ µ10o(690 →3000) µθ =[(cos θ

µ0o
)2+( sin θ

µ90o
)2]−0.5

27 Jun - 1 Jul 2011

Muon Collider 2011: Telluride

Fast Ramping Muon Synchrotron Dipoles (page 8) D. J. Summers

U. of Mississippi–Oxford

Grain Oriented Silicon Steel Dipole Prototype

• 1.5 x 46 x 46 mm gap, “EI” Laminations

27 Jun - 1 Jul 2011

Muon Collider 2011: Telluride

Fast Ramping Muon Synchrotron Dipoles (page 5) D. J. Summers

U. of Mississippi–Oxford

Muon Acceleration to 750 GeV in the Tevatron Tunnel
• Cool muons plus high injection γ due to low muon mass

→ small magnets ramping with a few thousand volts.
• Ameliorate eddy current and hysteresis losses in magnets.
Thin grain oriented 3% silicon steel laminations. Low B2/2µ
Stainless steel cooling tubes for water and thin copper wire.
Conductor in use for new ISIS choke. Made by Trench Ltd.

• Exploit 4% duty cycle. Energy usually sits in capacitor banks.
Muon survival is reasonable in a fast ramping synchrotron.
Power can be go into cavities fast enough (need 3x ILC).

• Interleave 400Hz ramping & fixed superconducting dipoles.

• 1.5TeV µ+µ− collider. D. Summers et al., arXiv:0707.0302

27 Jun - 1 Jul 2011

Muon Collider 2011: Telluride

Fast Ramping Muon Synchrotron Dipoles (page 2) D. J. Summers

U. of Mississippi–Oxford

– 1st prototype 
revealed saturation problems
(due to “T” joints?)

– Hope for improvement
using mitred laminations
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• Muon capture already ≈ optimized

– but can still benefit from tweaking

• Helical channels good for bunch 
combining

• Cooling designs well along, now 
need more realistic simulations

– 3 main 6D-cooling options, 2 final

– aim for FY12 down-select

• MICE cooling demo progressing 
towards ≈ 2014 conclusion
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• Muon capture already ≈ optimized

– but can still benefit from tweaking

• Helical channels good for bunch 
combining

• Cooling designs well along, now 
need more realistic simulations

– 3 main 6D-cooling options, 2 final

– aim for FY12 down-select

• MICE cooling demo progressing 
towards ≈ 2014 conclusion

• Magnets:  40T challenging, but 
good progress

• Acceleration:  exploring 
potentially lower-cost solutions

– RLA design optimization

• Storage-rings:  difficult 
constraints, but solutions being 
found

– need to ramp up effort
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• Neuffer’s conclusions:
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